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A C C E P T E D M A N U S C R I P T Introduction
Coping with real or perceived danger requires the ability to appropriately regulate fear. Across development, the processes of fear regulation change in accordance with the individual's cognitive capacity and the changing demands of their social and physical environment. However, the typical developmental trajectory of fear regulation is altered by exposure to stress or adversity during early life (Callaghan et al., 2014; Callaghan & Tottenham, 2016a; Moriceau et al., 2009 ).
Preclinical studies have demonstrated that early-life stress accelerates the development of fear regulation behavior for both fear retention and fear inhibition. Using Pavlovian fear conditioning (i.e., pairing of an innocuous conditioned stimulus, CS, with an aversive unconditioned stimulus, US) and other training procedures, it has been repeatedly demonstrated that young animals typically exhibit rapid forgetting (infantile amnesia; Campbell & Spear, 1972; Josselyn & Frankland, 2012; Madsen & Kim, 2016) . However, A C C E P T E D M A N U S C R I P T precocious long-term retention of fear memories is observed in infant rats exposed to early-life stress (Callaghan & Richardson, 2012; Cowan et al., 2013; Haroutunian & Riccio, 1979) . Stressed infant rats also exhibit an adult-like phenotype of relapse-prone extinction (Callaghan & Richardson, 2011; Cowan et al., 2013) . That is, older animals and infants exposed to earlylife stress show a return of learned fear in various situations following extinction (the laboratory equivalent of exposure therapy, involving repeated presentation of the CS alone in order to reduce CS-elicited fear; Bouton, 2002) . In contrast, unstressed infants do not show this return of fear (for review, see Kim & Richardson, 2010) . In summary, the typically-developing infant exhibits a unique phenotype of fear regulation that is characterized by infantile amnesia and relapse-resistant extinction, but stressed infants exhibit extended fear retention and relapseprone extinction, reflecting a more adult-like fear regulation phenotype. Such precocious maturation has been hypothesized to be adaptive over the short-term but also contribute to an elevated risk of enduring mental health problems (Callaghan & Tottenham, 2016b; Heim & Nemeroff, 2001; McEwen & Gianaros, 2010; Rincón-Cortés & Sullivan, 2014) .
Given the broad range of negative long-term outcomes experienced by individuals with a history of early-life stress (Cowan et al., 2016a; Gluckman et al., 2008; Maccari et al., 2014; McLaughlin et al., 2012; Pohl et al., 2015) , there is a clear need for research to identify ways of reducing vulnerability in such populations. One recent approach to this problem has been through targeting of the gut microbiota (the community of microorganisms that reside in the gastrointestinal tract; Callaghan, 2017; Gareau et al., 2007; O'Mahony et al., 2017) .
Growing evidence points to the role of the microbiota-gut-brain axis in modulating responses to stress across the lifespan (Cowan et al., 2018; Foster et al., 2017; Gur et al., 2015; Jašarević et al., 2015; Moloney et al., 2014) . In the case of early-life stress, there have been promising results with the use of probiotic treatments, which introduce high doses of beneficial bacteria to the microbiota (Callaghan et al., 2016; Cowan et al., 2016b; Desbonnet et al., 2010; Gareau McVey Neufeld et al., 2017; Moya-Pérez et al., 2017) . For example, administration of a commercially-available probiotic, Lacidofil ® , during maternal separation has been found to normalize corticosterone release in stressed pups (Gareau et al., 2007) , as well as restoring age-appropriate expression of infantile amnesia and relapse-resistant extinction (Callaghan et al., 2016; Cowan et al., 2016a) . However, it remains unclear how exposure to stress or probiotic bacteria cause these changes in infants' behavior. The current study explored the impact of these early-life experiences on the neural circuits underlying fear regulation during infancy.
There are several brain structures that contribute to emotion regulation. In particular, the amygdala and prefrontal cortex are considered critical for learning and extinction of conditioned fear (Maren & Quirk, 2004; Milad & Quirk, 2011) , with the prelimbic (PL) and infralimbic (IL) subregions of the medial prefrontal cortex (mPFC) being critical for fear expression and fear inhibition, respectively (Herry & Johansen, 2014; Quirk & Mueller, 2008) .
Work from our laboratory, and others, has demonstrated that the neural signature of fear regulation changes across development (Gogolla et al., 2009; Kim & Richardson, 2010; Li et al., 2012; Moriceau et al., 2006; Pattwell et al., 2012; Raineki et al., 2010; Tsai et al., in press) .
Although the amygdala is recruited during both fear expression and inhibition from a very young age (around postnatal day [P] 10 for fear expression and at least by P17 for fear inhibition; Kim et al., 2009; Moriceau et al., 2004) , infant rats do not use or require the mPFC to express or inhibit conditioned fear (Kim et al., 2009; Li et al., 2012 ; also see Chan et al., 2011 for a similar finding in the expression of innate fear).
The simplified nature of the infant fear network is hypothesized to underlie the reduced flexibility and complexity of infant fear regulation (Kim et al., 2009; Madsen & Kim, 2016) . Specifically, the less distributed neural network involved in infant fear expression is thought to destabilize infant fear memories, making them more vulnerable to forgetting (Madsen & Kim, 2016) . For fear inhibition, the smaller neural network may reduce flexibility
in infants' behavioral responses after extinction, leading to low relapse rates (Kim et al., 2009 ).
Interestingly, the developmental transition to an adult-like pattern of mPFC engagement occurs between the infancy and juvenile periods (i.e., between the ages of P17-23), coinciding with both the offset of infantile amnesia and the shift from relapse-resistant to relapse-prone extinction (Kim & Richardson, 2010; Li et al., 2012) . Given that early-life stress accelerates the transition to an adult-like behavioral profile of fear regulation (Callaghan & Richardson, 2011 , this hypothesis leads to the prediction that stressed infant rats would precociously engage the mPFC during fear regulation. It might also be predicted that the restoration of the normal developmental timing of fear regulation behavior by probiotics (Cowan et al., 2016b) would be accompanied by an age-appropriate, mPFC-independent neural signature in probiotic-exposed stressed infant rats.
The current series of experiments was designed to test these predictions. The first aim was to establish whether stress alters functional maturation of the mPFC by comparing standard-reared (SR) and maternally-separated (MS) infants. Thus, levels of phosphorylated mitogen activated protein kinase (pMAPK) were measured in the PL and IL of P17 SR and MS rats after fear expression and fear inhibition. In addition, the effect of probiotic treatment on pMAPK expression in the PL and IL was examined for MS infants. Phosphorylation of MAPK is a critical step in the MAPK/ERK signaling cascade (which modulates synaptic strength in various brain regions, including the mPFC, in an activity-dependent manner), and has previously been shown to be necessary for memory consolidation of both aversive and appetitive learning (Ribeiro et al., 2005; Schafe et al., 2000) . Furthermore, pMAPK was the marker used in the previous experiments that demonstrated developmental dissociations in mPFC involvement in both fear memory and extinction (Kim et al., 2009; Kim et al., 2012; Li et al., 2012) .
It was hypothesized that early-life maternal separation stress would accelerate the functional maturation of the mPFC, in parallel with the accelerated maturation of fear regulation observed in these individuals at the behavioral level (Callaghan & Richardson, 2011 Cowan et al., 2016b) . Specifically, it was predicted that MS infants would exhibit higher levels of pMAPK expression in the PL following fear expression and in the IL after extinction when compared to SR infants. It was further hypothesized that probiotics would prevent any MS-induced changes to mPFC involvement in fear expression and inhibition during infancy.
2.
Materials and Methods
Experimental Animals
Experimentally naïve Sprague Dawley-derived rats were bred and housed in the 
Maternal Separation
Maternal separation was conducted daily from P2-P14 for 3 hours commencing between 0800 and 1200. All pups from a given litter were transferred together from the home cage to an incubator, where a heat pad was used to maintain the ambient temperature at ~27°C
in order to approximate the warmth of the nest. In addition, 3 cm of bedding was provided so pups could behaviorally thermoregulate as needed.
Probiotic Treatment
The probiotic treatment was a commercially available powder formulation, Lacidofil® (Lactobacillus rhamnosus R0011 and Lactobacillus helveticus R0052; Lallemand Health Solutions, Montreal, QC, Canada). Powdered Lacidofil was rehydrated in distilled water at a concentration of 10 9 CFU/mL and provided in dams' drinking water from P2-14 (i.e., the same period as maternal separation).
Apparatus
Two distinct sets of experimental chambers were used to provide different contexts for behavioral testing. The first set, Context A, consisted of rectangular chambers (13.5cm long x 9cm wide x 9cm high) with the front wall, rear wall, and ceiling constructed of clear Plexiglas, while the floor and side walls were stainless steel rods (3mm diameter, 7mm apart).
The floor was connected to a custom-built constant-current shock generator and two highfrequency speakers were fitted on either side of the chamber. The Context B chambers were larger (30cm x 30cm x 23cm), with Plexiglas walls and ceiling and a stainless steel rod floor (2mm diameter, 5mm apart). Two side walls were covered by vertical black and white stripes (25mm wide) and two high-frequency speakers were mounted on the ceiling. All experimental chambers were individually housed in sound attenuating wood cabinets fitted with a white light-emitting diode (LED), an infrared LED, and an infrared camera. The infrared LED provided the sole source of illumination in Context A while both white and infrared LEDs were used in Context B. Ventilation fans in each cabinet produced a constant low-level (≈55dB) background noise. Chambers were wiped clean with tap water after each experimental session.
Behavioral Procedures
2.5.1 Conditioning. On P17 ± 1, rats were placed in Context A for a 2-min adaptation period. This was followed by 6 presentations of a white noise CS (8dB above background, 10s) and 6 presentations of a shock US (0.6mA, 1s). In the Paired condition, the CS and US were presented together, with the US administered in the final second of the CS, and an inter-trial interval (ITI) ranging from 85 -135s (mean of 110s). In the Unpaired condition, the CS and US were presented independently of each other across the same time period, with the ITIs ranging from 25 -100s (mean of 49s). Rats were returned to their home cages 30 -60s after the final stimulus presentation.
Test.
In Experiment 1 rats were tested in the training context (Context A) one day after conditioning. No test session was conducted in Experiment 2. In Experiment 3, rats were tested in the extinction context (Context B) the day after extinction. Test consisted of a 1-min adaptation period (baseline) followed by a 2-min continuous presentation of the CS.
Extinction.
In Experiments 2-3, rats were given extinction training in Context B the day after conditioning. Extinction consisted of a 2-min adaptation period followed by 30
non-reinforced presentations of the 10s CS with a 10s ITI.
Scoring.
Freezing was used to measure levels of learned fear and was defined as the absence of all movement except that required for respiration (Fanselow, 1980) . A time sampling procedure was used whereby each rat was scored every 3s as freezing or not freezing.
These observations were then converted into a percentage score to indicate the proportion of total observations scored as freezing. A second scorer, unaware of the experimental condition of each rat, scored a random sample (30%) of all rats tested. The inter-rater reliability was high across all experiments, rs = .94 -.98.
Tissue Processing
Rats were deeply anaesthetized by intraperitoneal injection with sodium pentobarbital (112 mg/kg) one hour after test (Experiments 1, 3) or 90 min after extinction (Experiment 2).
A longer interval between behavior and perfusion was used in Experiment 2 based on previously published results (Kim et al., 2009; Kim et al., 2012) and unpublished pilot studies which indicated that the optimal time to observe pMAPK expression is later after extinction sessions than after conditioning or test sessions.
Transcardial perfusion was performed using a pre-wash solution (0.9% saline with 1% sodium nitrate and 5000 international units/mL heparin) followed by 150mL of fixative (4% 
Immunohistochemistry
Free-floating sections were consecutively washed in 0.1M PB, 50% ethanol, and 50% ethanol with 3% hydrogen peroxide for 30min per wash. Sections were then blocked in 5% normal horse serum (NHS) in PB for 30min before 48-h incubation at 4°C in rabbit antiserum Immunoreactive neurons were quantified by manual blind counts at 10x magnification using an Olympus BX53 light microscope equipped with a DP72 digital camera. Predefined boundaries based on a rat brain atlas (Paxinos & Watson, 2009 ) were used to delineate the PL (1.0 x 1.0mm, with the top of the counting grid aligned to the top of the corpus callosum) and IL (1.0 x 0.6mm, with the top of the counting grid aligned to the bottom of the PL). For each subregion, the left hemisphere was examined for 3 consecutive sections (160µm apart, 3.20mm -2.88mm anterior to bregma).
Exclusions and Statistics
Statistical outliers from the behavioral tests (>3 SD from the mean during 3 out of 5 blocks of extinction or during test) were excluded from all analyses. This led to 3 exclusions from Experiment 3: 1 rat each from groups 'MS Paired', 'MS-Pro Paired', and 'MS-Pro Unpaired'. In addition, statistical outliers in the immunohistochemical analysis (>3 SD from the mean) were excluded from the specific regional analysis (see Table 1 ).
The statistical analysis was performed using R (version 3.4.0; R Core Team, 2017).
Normality was assessed using the Shapiro-Wilks test. Overall differences between groups were assessed using one-way ANOVA (normally-distributed data) or the Kruskal-Wallis H test (non-normal distributions). Bonferroni-adjusted planned contrasts were used to assess specific group differences based on our hypotheses. For the behavioral data, the planned contrasts compared 1) Paired and Unpaired groups; and 2) Differences between rearing conditions for the Paired groups. For the immunohistochemistry data, the planned contrasts compared 1) MS Paired with all other groups; and 2) SR Paired and/or MS-Pro Paired with the Unpaired group.
In the case of non-normal data, contrasts were conducted using rank-transformed data but raw confidence intervals. Whenever a mixed-design ANOVA was used, Greenhouse-Geisser adjusted p values and nominal df are reported if the assumption of sphericity was violated. For all analyses, p values less than .05 were considered statistically significant.
Results

Prefrontal Cortex Activation Following Learned Fear Expression in Infant Rats
Infant rats engage a simplified neural circuit when expressing learned fear, which may explain why memories formed during infancy are more susceptible to forgetting (i.e., infantile amnesia; Madsen & Kim, 2016) . If this is the case, then it raises the question of whether infant fear memories are represented differently following early-life stress, which has been shown to lead to early offset of infantile amnesia (Callaghan & Richardson, 2012; Cowan et al., 2016b) .
Here, we first assessed whether the precocious behavioral maturation observed in MS infants is accompanied by precocious maturation of the neural circuits underpinning fear expression, as measured by levels of pMAPK expression (Experiment 1a). Then, in Experiment 1b, we examined pMAPK expression in MS infants that received a probiotic treatment shown to reverse MS-induced changes in infant fear retention (Cowan et al., 2016b) .
All rats were conditioned during infancy (P17 ± 1) using either a Paired or Unpaired training procedure. Test was conducted in the same chamber the following day and brain tissue was subsequently analyzed for pMAPK immunohistochemistry in the PL and IL regions of the mPFC.
Experiment 1a.
There was a significant effect of group on baseline freezing, χ 2 (2) = 9.21, p = .01 (see Table 2 ). Thus, results for the behavioral test data are presented and analyzed as difference scores (percent freezing during the CS minus the percent pre-CS freezing; Figure 1A) . Note, however, that the results were the same if the raw percent freezing scores to the CS were analyzed. replicating previous findings that SR infant rats do not recruit the mPFC during expression of learned fear (Li et al., 2012) . In the IL, there was a similar but less striking pattern observed ( Figure 1E ). There was a trend towards higher pMAPK levels in the MS-Paired group, = 3.79, p = .13) and were similar to the levels observed in Experiment 1a.
Together, the results of Experiments 1a and 1b suggest that mPFC recruitment during fear expression in infancy is altered by early-life experience. The pattern of these changes is such that a stressful early rearing environment accelerates the involvement of the prelimbic region in the neural circuitry of fear expression, while probiotic treatment prevents this stressinduced alteration in the developmental trajectory. That is, levels of pMAPK were elevated in the mPFC, and specifically in the prelimbic region of this structure, for MS infants following expression of learned fear. This pattern of PL involvement in fear expression is generally only observed in older animals (Li et al., 2012) . In contrast, probiotic-exposed MS infants were more similar to unstressed SR animals of the same age, exhibiting low levels of pMAPK in the mPFC after fear expression.
A C C E P T E D M A N U S C R I P T
It has been proposed that the development of a more complex, mature circuit (i.e., one that includes the PL) underpins the transition from infantile amnesia to more stable, adult-like long-term fear memories (Li et al., 2012; Madsen & Kim, 2016) . The present results fit nicely with this hypothesis as the patterns of pMAPK expression in untreated and probiotic-exposed MS infants reflect the changes observed in the behavioral expression of infantile amnesia across these groups. That is, the normal developmental phenotype of rapid forgetting observed in SR (Akers et al., 2014; Callaghan & Richardson, 2012; Campbell & Spear, 1972 ) and probiotic-exposed MS infants (Cowan et al., 2016b ) is accompanied by a lack of evidence for mPFC engagement during fear expression. In contrast, animals that exhibit early offset of infantile amnesia (i.e., MS infants; Callaghan & Richardson, 2012 ) also exhibit precocious involvement of the mPFC in fear expression. This supports the hypothesis that recruitment of the PL into the neural fear circuitry is key to the development of long-term fear retention.
Prefrontal Cortex Activation Following Fear Extinction in Infant Rats
Experiment 1 demonstrated that early-life stress results in precocious recruitment of the mPFC during infant fear expression, an effect that was reversed by exposure to a probiotic treatment. The mPFC has also been shown to have a differential role in fear inhibition across development. From the juvenile period into adulthood, animals recruit the infralimbic region (IL) of the mPFC during inhibition of learned fear responses (Kim et al., 2009; Quirk & Mueller, 2008) . However, this is not the case for typically-developing infant rats (Kim et al., 2009; Kim & Richardson, 2010) . The aim of Experiment 2 was to determine whether mPFC involvement in infant fear extinction is altered by early-life stress and probiotic exposure, as was the case for infant fear expression in Experiment 1. Conditioning was conducted as in Experiment 1. Extinction took place the following day in a novel context and animals were perfused 90 mins later.
A C C E P T E D M
A N U S C R I P T Consistent with Experiment 1 and our previous findings for within-session extinction in stressed and probiotic-treated infants (Callaghan & Richardson, 2011; Cowan et al., 2016b) , behavior was similar across all rearing conditions. There was no effect of group on baseline freezing prior to extinction, F < 1 (see Table 2 ). During extinction ( Figure 3A ), there were Between-group differences in pMAPK expression following extinction were observed in the mPFC, most notably in the IL. In the PL (Figure 3B ), the planned contrast analysis did not reveal any significant differences between groups, largest F1,28 = 5.47, p = .08. In the IL Overall, these results demonstrate that, relative to unstressed animals, untreated MS infants exhibit elevated expression of PMAPK in the IL following fear extinction, as is the case in older animals (Kim et al., 2009 ). However, this precocious involvement of the IL was attenuated by exposure to probiotics. As was the case for fear expression, these results parallel previous behavioral evidence that MS infants display an adult-like, relapse-prone extinction profile that is reverted to an age-appropriate, relapse-resistant extinction profile by probiotic treatment (Callaghan & Richardson, 2011; Cowan et al., 2016) .
Prefrontal Cortex Activation Following Extinction Recall in Infant Rats
In Experiment 1, precocious maturation of the neural circuitry underlying fear expression was observed in rats with a history of early-life stress. Experiment 2 showed a similar pattern of stress-induced precocious maturation in the neural circuitry underlying fear extinction. In both cases, adult-like engagement of the mPFC in MS infant rats was attenuated by probiotic treatment. In Experiment 3, levels of pMAPK expression were examined after a test of extinction retention. Based on the results of the previous two experiments, it was hypothesized that only untreated MS infants would exhibit activation of the IL during this test of fear inhibition.
All rats underwent fear conditioning (either Paired or Unpaired), extinction, and test in Contexts A, B, and B, respectively, on consecutive days in infancy, starting on P17 ± 1.
Sixty minutes after the test of extinction recall, animals were perfused and brain tissue was collected.
Behavioral responses were similar across all rearing conditions, replicating our previous findings (Callaghan & Richardson, 2011; Cowan et al., 2016b) . There was no effect of group on baseline freezing prior to extinction, χ 2 (3) = 5.13, p = .16 (see Table 2 ). During extinction ( Figure 4A Freezing in the Paired groups declined across extinction such that, by the final block, there were no significant differences between groups, χ 2 (3) = .50, p = .92.
At test, there were no differences between groups on baseline freezing, χ 2 (3) = 2.53, p = .47 (Table 2 ). All groups also exhibited very low levels of CS-elicited freezing during the Figure 4B ). There was a trend towards higher CS-elicited freezing in the Paired groups compared to the Unpaired group, F1,44 = 6.67, p = .053, but the Paired groups did not differ, F < 1. It is important to note here that although maternal separation induces an adult-like profile of fear relapse following a change of context (i.e., fear renewal) or a stressful reminder foot-shock (i.e., fear reinstatement), even stressed infants typically exhibit low levels of freezing under the conditions used in the present experiment (i.e., when tested in the extinction context within 24 h; Callaghan & Richardson, 2011; Cowan et al., 2013 Cowan et al., , 2016b , as do adult animals (e.g., Kim et al., 2011) . This is an important feature of the experimental design as it allows comparison of neuronal signatures in the context of equivalent behavior.
As was the case following within-in session extinction, between-group differences in pMAPK expression following extinction recall were observed in the mPFC and more specifically in the IL. In the PL (Figure 4C ), the planned contrast analysis did not reveal any significant differences between groups, largest F1,40 = 3.45, p = .21. In the IL ( Figure 4D ), untreated MS infants in the Paired condition exhibited significantly higher levels of pMAPK compared to the other groups (i.e., SR Paired, MS-Pro Paired, and Unpaired), F1,42 = 7.72, p = .02, 95% CI [1. 58-29.28 ]. SR and probiotic-exposed MS infants in the Paired condition, however, exhibited pMAPK levels that were comparable to Unpaired animals, largest F1,42 = 1.37, p = .75. As there were a number of outliers in this experiment (6 exclusions across both regions, see Table 1 ), the statistical analysis was repeated using a more stringent exclusion criterion (≥ 3.5 rather than ≥ 3.0 SD from the mean) with the same outcomes (see S1.
Supplemental Results).
The results of this experiment are consistent with the findings of Experiment 2 and provide further support for the hypothesis that MS infant rats, but not SR or MS-Pro infants, recruit the mPFC during fear inhibition. For the SR and MS-Pro groups, the findings are consistent with work showing that infant rats do not recruit the mPFC during extinction training Kim et al., 2009) or during fear expression (Experiment 1; Kim et al., 2012; Li et al., 2012) . In contrast, the elevated pMAPK expression in the mPFC during extinction recall in MS infants is reminiscent of findings in adult animals (e.g., Knapska & Maren, 2009; Milad & Quirk, 2002) . For example, adult rats exhibit elevated levels of c-Fos, a marker of neuronal activity, in the IL following extinction retrieval (Knapska & Maren, 2009 ). This suggests that MS infants exhibit a more adult-like neural signature of fear inhibition, which is reversed by probiotic treatment.
Discussion
This study provides evidence that the neural circuits supporting emotional learning develop differently depending on the early rearing environment. Replicating previous results (Chan et al., 2011; Kim et al., 2009; Kim et al., 2012; Li et al., 2012) , standard-reared (SR) infant rats did not engage the medial prefrontal cortex (mPFC) during either fear expression or fear inhibition. In contrast, infant rats with a history of early-life stress exhibited a more mature pattern of mPFC engagement. Following a test of fear expression, maternally-separated (MS) infant rats exhibited elevated levels of pMAPK in the prelimbic region (PL) of the mPFC, a neural response that is normally only observed in older animals (Li et al., 2012) . These results are consistent with findings that stressed infants exhibit accelerated development of fear behavior, including early offset of infantile amnesia (Callaghan & Richardson, 2012; Cowan et al., 2013) , as well as precocious maturation of other fear-related neural structures (i.e., the amygdala and hippocampus; Bath et al., 2016; Moriceau et al., 2006) . These results also map remarkably well onto recent findings in humans. Specifically, children exposed to early-life stress in the form of childhood institutionalization exhibit more mature patterns of PFCamygdala connectivity in response to emotional stimuli (fearful faces) and stronger connectivity in the amygdala-PFC-hippocampus network during Pavlovian fear conditioning (Gee et al., 2013; Silvers et al., 2016) .
Importantly, our results also demonstrate that the precocious recruitment of the mPFC in stressed infants is prevented by a probiotic treatment. Specifically, probiotic-exposed MS infants exhibited a neural profile that was characterized by low levels of pMAPK expression in the mPFC, regardless of the training conditions or their behavioral fear response, as was the case for SR infants. This is in keeping with previous findings that probiotics prevent precocious expression of long-lasting fear retention and fear relapse in stressed infants (Cowan et al., 2016b) . In other words, probiotic treatment normalizes developmental trajectories of behavioral and neural fear regulation in stressed infant rats (see Table 3 for a summary), strengthening the evidence for the role of the microbiota-gut-brain axis in mediating the effects of stress (e.g., Kelly et al., 2015) .
In the current experiments (and our previous work), the probiotic treatment was administered through the maternal drinking water. While this is an indirect treatment approach, we have shown that there is direct exposure of pups in the treatment group, with the specific bacterial strains being detected in pups' stomach and colon contents (Callaghan et al., 2016; Cowan et al., 2016b) . This is in keeping with clinical studies showing that Lactobacillus strains can be transferred to the breast milk following oral intake by pregnant or breastfeeding women (e.g., Arroyo et al., 2010; Dotterud et al., 2015; Jiménez et al., 2008) . We do not observe changes in maternal pup retrieval or anxiety-like behavior following probiotic treatment (Callaghan et al., 2016; Cowan et al., 2016b) , although further work should be done to investigate the possibility of more nuanced changes in maternal care that may contribute to the effects observed here.
Several questions remain unanswered in the present study, leaving open important lines of enquiry for future studies. First, it will be critical to determine the causal nature of the current findings. Here we have presented evidence that the mPFC is engaged in MS infants during tests of fear expression and fear inhibition. However, it is unknown whether mPFC
engagement is necessary for stressed infants to express or inhibit fear, as is the case for older animals (Kim et al., 2009; Li et al., 2012; Sotres-Bayon & Quirk, 2010) . Second, future studies should investigate the effects of probiotic treatment on fear behavior and its neural correlates during normal development (i.e., in unstressed, SR infants), or following other manipulations of the early rearing environment (e.g., early handling, which has also been shown to accelerate infant growth and alter stress responding in rodents; Daly, 1973; Meaney et al., 1991) . Finally, the current study is limited by its focus on male subjects. While one might not necessarily expect to see sex differences at these ages (i.e., prior to puberty onset), there is evidence that rates of fear relapse are higher in female rats in the juvenile period (Park et al., 2017) . Further, there is evidence that MS has some different effects in males and females, both in adulthood (e.g., Diehl et al., 2007; Kalinichev et al., 2002) and during development (e.g., puberty onset:
Cowan & Richardson, in press; and hippocampal neurogenesis in infancy: Loi et al., 2014) .
Clearly, exploring possible sex differences in terms of neural consequences of MS, and the impact of probiotic treatment on these effects, is an area worthy of future investigation.
Conclusions
The present results add to the cross-species evidence that early adversity hastens maturation in emotion-related brain circuits, in support of the stress acceleration hypothesis (Callaghan et al., 2014; Callaghan & Tottenham, 2016b) . According to this hypothesis, deviations from the normative timeline of emotional development form part of an adaptive response to the absence of species-expected parental caregiving, preparing these individuals to survive independently of parents. However, the hypothesis also proposes that such developmental deviations are likely to have inherent costs. This idea has been raised in the critical period literature as well, where Hensch and Bilimoria (2012) proposed that the hierarchical sequencing of critical periods implies that changes in the timing of one critical period are likely to have flow-on effects that alter the timing of other critical periods or disrupt
the synchronization of the system. Here, the successful restoration of age-appropriate neural fear circuitry in stressed infants by a simple probiotic treatment offers a promising, noninvasive method of preventing this type of 'domino effect' of critical period disruption. In turn, this suggests that targeting the gut-brain axis may be key to protecting against the psychological vulnerability commonly associated with early-life stress. . Phosphorylation of mitogen-activated protein kinase in the medial prefrontal cortex and the amygdala following memory retrieval or forgetting in developing rats. Neurobiology of Learning and Memory, 97, [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] . Indicates data point was not excluded in a secondary analysis using an outlier criterion of 3.5SD (see S1.
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